Coexistence of distinct skyrmion phases observed in hybrid
  ferromagnetic/ferrimagnetic multilayers by Mandru, Andrada-Oana et al.
Coexistence of distinct skyrmion phases observed
in hybrid ferromagnetic/ferrimagnetic multilayers
Andrada-Oana Mandru1, Og˘uz Yıldırım1, Riccardo Tomasello2, Paul Heistracher3, Mar-
cos Penedo1, Anna Giordano4, Dieter Suess3, Giovanni Finocchio4, and Hans Josef Hug1,5
1Empa, Swiss Federal Laboratories for Materials Science and Technology, CH-8600
Du¨bendorf, Switzerland
2Institute of Applied and Computational Mathematics, FORTH, GR-70013 Heraklion-
Crete, Greece
3Christian Doppler Laboratory for Advanced Magnetic Sensing and Materials, Faculty of
Physics, University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria
4Department of Mathematical and Computer Sciences, Physical Sciences and Earth Sci-
ences, University of Messina, I-98166 Messina, Italy
5Department of Physics, University of Basel, CH-4056 Basel, Switzerland
Materials hosting magnetic skyrmions at room temperature could enable new com-
puting architectures as well as compact and energetically efficient magnetic storage
such as racetrack memories 1–7. In a racetrack device, information is coded by the
presence/absence of magnetic skyrmions forming a chain that is moved through the
device. The skyrmion Hall effect that would eventually lead to an annihilation of
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the skyrmions at the edges of the racetrack can be suppressed for example by anti-
ferromagnetically-coupled skyrmions 8. However, avoiding modifications of the inter-
skyrmion distances in the racetrack remains challenging 9. As a solution to this issue,
a chain of bits could also be encoded by two different solitons such as a skyrmion
and a chiral bobber 10, 11. The major limitation of this approach is that it has solely
been realized in B20-type single crystalline material systems that support skyrmions
only at low temperatures, thus hindering the efficacy for future applications. Here we
demonstrate that a hybrid ferro/ferri/ferromagnetic multilayer system can host two
distinct skyrmion phases at room temperature. By matching quantitative magnetic
force microscopy data with micromagnetic simulations, we reveal that the two phases
represent tubular skyrmions and partial skyrmions (similar to skyrmion bobbers).
Furthermore, the tubular skyrmion can be converted into a partial skyrmion. Such
multilayer systems may thus serve as a platform for designing skyrmion memory ap-
plications using distinct types of skyrmions and potentially for storing information
using the vertical dimension in a thin film device.
Magnetic skyrmions have been observed in ferromagnets 12–17, ferrimagnets 18, 19,
and synthetic antiferromagnets 8, and the underlying physics of their stabilization involves
a delicate balance of different micromagnetic energies 5–7, 17, 20. Essentially, the Dzyaloshinskii-
Moriya interaction (DMI) breaks the symmetry of the exchange energy and drives the sta-
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bilization of chiral structures, such as skyrmions. These are characterized by an integer
winding number and hence have peculiar topological properties 7, 21, which can be used for
new device functionalities. Materials hosting two distinct skyrmion phases add an addi-
tional degree of freedom in designing devices with improved properties in the emerging
field of skyrmionics. Modeling work showed that such an approach could be used to lower
error rates in racetrack memories relying on skyrmions as information carriers 9. However,
to date, the simultaneous existence of two different skyrmion phases, tubular skyrmions
and skyrmion bobbers, has only been shown in B20-type FeGe single crystalline materi-
als 10, and in MBE-grown epitaxial FeGe on Si(111) substrates,11. Although they show
very interesting physics, such single crystalline systems restrict the choice of materials for
additional layers needed in devices for example to provide spin-orbit torque, an exchange
field or simply for electrons used for applying currents or measuring the skyrmion induced
Hall signals 22.
Here, we develop a thin film system by combining two ferromagnetic (SK) layers
separated by a ferrimagnetic (Fi) layer with interfacial DMI, designed to support two dis-
tinct skyrmion phases at room temperature that is in principle compatible with other lay-
ers needed for device functionality. Our quantitative magnetic force microscopy (MFM)
analyses performed on a series of samples designed for disentangling the MFM contrast
arising from different layers clearly show the stabilization of a tubular skyrmion, which is
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extended in all the ferromagnetic and ferrimagnetic layers, and an incomplete skyrmion
nucleated in the ferromagnetic layers only. The diameters of the tubular and incomplete
skyrmions are noticeably different, thus making these configurations suitable for a direct
electrical detection by measuring the magnetoresistive signal. The experimental findings
are supported quantitatively by micromagnetic simulations, demonstrating that the key in-
gredient to achieve the coexistence of the two skyrmion phases is the design of a Fi layer
with a sufficiently large DMI. This work paves the way for the development of hybrid
systems by merging together a variety of properties from different materials to move the
skyrmionics a step forward towards practical applications. In particular, this work can
impact the design of new robust skyrmion-based memory and computing architectures
working at room temperature and coding the information in two types of skyrmions.
Our sample contains two 14.5 nm thick [Ir(1)/Fe(0.3)/Co(0.6)/Pt(1)]×5-multilayers
(SK layers) separated by a 3.8 nm thick Fi layer (SK/Fi/SK, see Fig. 1a). Previous stud-
ies 15 demonstrated that the Ir/Fe 23 and Co/Pt 24 interfaces in the Ir/Fe/Co/Pt-multilayers
exhibit a strong negative DMI supporting skyrmions with a clockwise Ne´el wall texture
at room temperature. The composition and layer thickness of the Fi layer permit an in-
dependent adjustment of its anisotropy and magnetization by the Tb:Gd ratio and rare-
earth to Co-layer thickness, respectively. Here, a 1:1 Tb:Gd ratio was selected to obtain
a weak effective perpendicular anisotropy Keff = 336 ± 23 kJ/m3, determined by mag-
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Figure 1: MFM results obtained on a trilayer sample supporting two different skyrmion phases.
a Schematics of the trilayer sample consisting of ferromagnetic top and bottom layers (SK), and a
ferrimagnetic layer (Fi). These three main layers again consists of a multilayer to achieve specific
magnetic properties. b-h MFM data acquired in external fields µ0Hz = 0 − 177 mT. Panels i, k,
and l show magnified views of the skyrmions highlighted by the black, blue and orange squares in
panels e-h for fields of 133, 147, 161, and 177 mT. Panel j displays the evolution of the skyrmion
contrast with the applied field.
netometry measurements (see Fig. S1 of Supplementary Note 1). Such a weak positive
anisotropy supports perpendicular magnetization structures with domains having a size
up to several tens of microns. The SK/Fi/SK sample grown here is designed in such a
way that skyrmions generated by the top and bottom SK layers could enter the Fi layer
stabilizing skyrmion-like tubular structures penetrating through all layers of the sample.
Consequently, high-resolution MFM has been used to study the micromagnetic state of the
sample and its evolution as a function of the applied field.
Figures 1b-h show MFM frequency shift (∆f ) data with a total range of 1.4 Hz ac-
quired at room temperature in fields µ0Hz ranging from 0 to 177 mT. MFM data of the
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remanent state show a red/blue (up/down) maze domain pattern with about ±0.7 Hz of
∆f -contrast (Fig. 1b). If the field is increased from zero to µ0Hz = 122 mT (Fig. 1d), the
red (up) domains expand and inside these, skyrmions become more pronounced. At a field
of µ0Hz = 133 mT (Fig. 1e), almost all stripe domains collapse and skyrmions generating
two distinct MFM signal levels (appearing with dark blue and white color) are observed. If
the field (applied antiparallel to the skyrmion cores) is increased from 133-177 mT (Fig 1e-
h), the MFM contrast of all skyrmions is reduced and some of them are annihilated. How-
ever, while the MFM signal of the weak (white) skyrmions becomes gradually smaller
with increasing field, the contrast of the strong (dark blue) skyrmions drops to the level
of the weak (white) skyrmions at some critical field value (161 or 177 mT) after an initial
gradual contrast decay of their MFM signal at lower fields (Figs. 1i-l).
The MFM contrast generated by a skyrmion arises from the convolution of its stray
field above the sample surface with the magnetic charge distribution of the MFM tip 25.
Consequently, the radius of a skyrmion in an MFM image is wider than that of its spin
texture. A reduction of the MFM signal in increasing fields is therefore compatible with
a reduction of the skyrmion radius (see Fig. S2 of Supplementary Note 2). The distinct
drop of the MFM signal observed for the strong skyrmions at fields of 161 or 177 mT can
however not be explained by a gradual field-driven reduction of the skyrmion radius, but
is indicative of a field-induced switching of the skyrmion type occuring in the SK/Fi/SK
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sample.
For such a seemingly complicated sample hosting two types of skyrmions, it is im-
portant to understand the contributions coming from different layers. In order to dis-
entangle the MFM contrasts, a series of additional samples have been fabricated: three
consisting of selected parts of the SK/Fi/SK sample, and one in which the Fi layer was re-
placed by a magnetically inactive Ta layer of the same thickness. These sample structures
are depicted in Figs. 2a-e together with their corresponding MFM data (Figs. 2f-j), all ac-
quired in a field of about 133 mT. Also visible are zoomed views of selected skyrmions,
fitted Gaussian functions, and the fitted skyrmion contrast values (Figs. 2k-o). Note that in
order to quantitatively compare the MFM signals obtained on different samples, a recently
developed frequency modulated distance feedback method 26 was used. It permits keeping
the tip-sample distance constant with a precision of about 0.5 nm over many days, even
after re-approaching the tip on different samples and in applied magnetic fields. This can
be achieved without ever bringing the tip in contact with the sample surface such that the
magnetic coating of the tip remains intact and the same tip can be used for all samples.
For the sample consisting of a single SK layer ([Ir(1)/Fe(0.3)/Co(0.6)/Pt(1)]×5 grown
directly on Pt (Fig. 2a), the MFM data (Fig. 2f) reveals a disordered pattern of skyrmions
with an areal density comparable to that observed in previous work 15 for similar sam-
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Figure 2: Schematics of different samples used to disentangle the contributions to the measured
MFM contrast on the SK/Fi/SK sample. All images have been taken in a field of about 133 mT. a
A single 14.5 nm thick ferromagnetic layer (SK) is deposited directly on the Pt-seed (not shown)
on top of the oxidized Si-wafer. The vertical, white rectangles schematically depict the skyrmions.
b The same ferromagnetic layer as in a but deposited on the [(TbGd)(0.2)/Co(0.4)]×6/(TbGd)(0.2)
ferrimagnetic (Fi) layer. c A sample consisting of two 14.5 nm thick SK layers. d Similar to c but
the two SK layers are separated by a magnetically inactive 3.8 nm thick Ta layer. The skyrmions
within the two SK layers are depicted by the vertical pale blue rectangles. e Schematics of the
trilayer sample consisting of two SK layers separated by a 3.8 nm thick Fi layer; the skyrmions are
depicted by the vertical, white and pale blue rectangles penetrating through the SK layer(s), and by
the wider dark blue rectangles for the strong contrast skyrmions penetrating through all layers. f-j
2µm×2µm MFM data (top row) and zoomed images of skyrmions shown together with the fitted
Gaussian functions (lower rows) obtained on each of the samples in a-e. The crosses in panels f to
j highlight the skyrmions which have been fitted to determine the ∆f -contrast displayed in panels
k to o.
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ples with 20 Ir/Fe/Co/Pt repetitions. This confirms the existence of a strong negative
DMI arising from the Ir/Fe 23 and Co/Pt 24 interfaces. The observed small variation of
the MFM skyrmion contrast is attributed to variations of the local values of the DMI, per-
pendicular anisotropy and exchange stiffness 25. The average skyrmion contrast |∆f | =
(0.32 ± 0.05) Hz is obtained by fitting selected skyrmions (marked by the blue crosses)
with 2D Gaussian functions. Zoomed MFM images of the skyrmions marked by the black
squares, the fitted Gaussian functions, and the peak ∆f signal obtained from the fit are
shown below Fig. 1f and in Fig. 2k. If the SK layer is grown directly onto the Fi layer
(Fig. 2b), the |∆f |-contrast is reduced to (0.24 ± 0.02) Hz (Figs. 2g and l), but the areal
density of the skyrmions remains about the same. Figure 2h shows MFM data acquired on
a [Ir(1)/Fe(0.3)/Co(0.6)/Pt(1)]×10-multilayer sample (Fig. 2c), representing two SK layers
on top of each other. The observed skyrmion |∆f |-contrast in this case is (0.71±0.05) Hz
(Fig. 2m), slightly more than double the contrast observed for a sample consisting of a
single SK layer (Fig. 2f). If the two SK layers are separated by a 3.8 nm thick Ta layer
(Fig. 2d), the skyrmion |∆f |-contrast drops to 0.54 ± 0.03 Hz (Figs. 2 i and n). Note
that this contrast level agrees well to the |∆f | = (0.58 ± 0.06) Hz generated by the
weak skyrmions in the SK/Fi/SK sample (Figs. 2e, j, and o), where the two SK lay-
ers are separated by the Fi layer. However, the contrast remains much weaker than the
|∆f | = (1.05 ± 0.09) Hz observed for the strong skyrmions in the same sample. These
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observations suggest that the weak contrast arises from skyrmions existing solely in the
bottom and top SK layers, whereas the strong skyrmion contrast is caused by a tubular
skyrmion running through all three layers (see rectangles in Fig. 2e schematically repre-
senting the skyrmions). The much stronger contrast of the tubular skyrmions indicates that
these spin textures must have a wider radius because their slightly increased length would
not lead to the observed pronounced contrast increase.
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Figure 3: a Intial state 1 with a clockwise skyrmion spin texture imposed in the bottom and top
SK layers but not in the Fi layer. b and c final state 1 and its corresponding cross-section after
relaxation of the initial state 1. A skyrmion spin texture exists solely in the sublayers B1 to B4 of
the bottom SK layer and in all sublayers of the top SK layer, but not in the Fi layer. d Initial state
2 with a skyrmion spin texture enforced in all layers. e and f final state 2 and its corresponding
cross-section of: a tubular skyrmion running through all layers is stabilized.
The physics behind the experimental stabilization of the different skyrmion spin tex-
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tures is captured by 3D micromagnetic calculations and the results are summarized in
Fig. 3 (see Methods and Table S1 in Supplementary Note 1 for the parameters used). Fig-
ure 3a shows an initial state with a clockwise skyrmion spin texture in the bottom and top
SK layers and a uniform up magnetization state in the Fi layer (initial state 1). After a re-
laxation process and for a DMI of the Fi layer, DFi = +0.8 mJ/m2, a clockwise skyrmion
spin texture with a slightly larger radius appears in the four bottom-most Fe/Co-sublayers,
B1 to B4 of the bottom SK layer, as well as in all Fe/Co-sublayers, T1 to T5 of the top
SK layer (final state 1, see Fig. 3b). As also visible from the cross-section in Fig. 3c, the
skyrmion diameter is thickness dependent, being larger near the middle of the sample and
smaller in the external layers (Fig. 3c), as expected from the minimization of the mag-
netostatic energy, and already observed for other simpler structures 17, 20 (see Fig. S3a in
Supplementary Note 3 for the dependence of the skyrmion radius on the layer position).
The chirality is the same in all the layers, as expected from the energy minimization when
the DMI is large enough with respect to the magnetostatic energy 17, 20 (the DMI of the SK
layer is −2.5 mJ/m2). The magnetization of the Fi layer remains uniform and the ferro-
magnetic interlayer exchange coupling (IEC) through the 1 nm thick Pt also suppresses the
initial skyrmion in the top-most Fe/Co-sublayer, B5, of the bottom SK layer. Therefore,
an incomplete skyrmion is obtained.
If a clockwise initial skyrmion spin texture is also imposed within the Fi layer (ini-
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tial state 2, displayed in Fig. 3d), more complex spin textures develop provided |DFi| >
0.7 mJ/m2 (see also Fig. S3b in Supplementary Note 3). The final state 2 and its cor-
responding cross-sectional view are shown in Figs. 3e and f, respectively, for DFi =
0.8 mJ/m2. Differently from final state 1, skyrmions exist in all sublayers of the bottom
and top SK layers, and also in the Fi layer. Hence, a tubular skyrmion with a larger radius
is stabilized. Interestingly, the skyrmion chirality is thickness-dependent. In the bottom-
most Fe/Co-sublayer of the bottom SK layer, a Ne´el skyrmion with a counter-clock wise
chirality opposite to the one favored by a negative DMI is stabilized. This chirality leads to
an improved magnetic flux closure and hence optimizes the magnetostatic energy. Layers
B2 up to B4 have the clockwise chirality expected for the negative DMI of the SK layers 23,
whereas the skyrmion chiralities in B5 and Fi layers derive from the trade-off among neg-
ative DMI of the SK layer, positive DFi and IEC. The skyrmion chirality in the Fi layer
is intermediate between Ne´el outward and Bloch types, thus reminiscent to a counter-
clockwise skyrmion expected for the positive DFi 24. The frustration arising from the neg-
ative DMI in the SK layer, positive DFi and IEC then explains the Bloch-type skyrmion
obtained in layer B5, that compromises between clockwise and counter-clockwise chiral-
ities. Furthermore, this frustration also decreases slightly the skyrmion diameter in both
the Fi and B5 layers (see Fig. S4 of Supplementary Note 3 for DFi > 0).
In summary, the hybrid ferro/ferri/ferromagnetic multilayer system presented here
12
supports the coexistence of two skyrmion phases at room temperature: a smaller-diameter
incomplete skyrmions existing solely in the top and bottom ferromagnetic layers, and
larger-diameter tubular skyrmions running through the entire sample. In future devices
this may facilitate the electrical detection of the skyrmions and the distinction between
the two states. Moreover, our metallic multilayer system permits the future implementa-
tion of additional layers, e.g. to generate a strong-spin orbit torque, or layers providing
an RKKY-type exchange to a layer with a perpendicular magnetization to allow the exis-
tence of skyrmions at zero field. The concept discussed here thus paves the way for future
skyrmionic devices potentially including systems permitting the storage of information
along the third dimension.
1 Methods
Magnetic Force Microscopy The MFM measurements were performed using a home-
built high-vacuum (≈ 10−6 mbar) MFM system equipped with an in-situ magnetic field of
up to ≈ 300 mT. By operating the MFM in vacuum, we obtain a mechanical quality factor
Q for the cantilever of ≈ 200,000. Using such high Q values improves the sensitivity
by a factor of about 40 compared to MFM performed in air and also permits the use
of a thin magnetic coating on the tip. SS-ISC cantilevers from Team Nanotech GmbH
with a tip radius below 5 nm (without any initial coating) were used. In order to make
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the cantilever tip sensitive to magnetic fields, we sputter-deposited at room temperature
3 nm of Co on a Ta seed (2 nm) and then capped with Ta (4 nm) to prevent oxidation. A
Zurich Instruments phase locked loop (PLL) system was used to oscillate the cantilever on
resonance at a constant amplitude of 7 nm and to measure the frequency shift arising from
the tip-sample interaction force derivative. Note that the frequency shift is negative for an
attractive force (derivative). For the MFM data shown in Figs. 1 and 2, an up field was
applied and an MFM tip with an up magnetization was used. Therefore, the skyrmions
have a down magnetization as those in our micromagnetic simulations (Fig. 3). The up
tip magnetization and the down magnetization of the skyrmions then generates a positive
frequency shift contrast that would correspond to a red color in the MFM images displayed
in Figs. 1 and 2. In order to facilitate the comparison of the skyrmions measured by MFM
with those obtained from micromagnetic calculations, the MFM data from Figs. 1 and 2
have been inverted.
Sample Preparation Samples were grown using DC magnetron sputtering under a 2 µbar
Ar atmosphere using an an AJA Orion system with base pressure of ≈ 1×10−9 mbar.
All multilayers were deposited onto thermally oxidized Si(100) substrates with Ta(3 nm)/
Pt(10 nm) as seed layers and Pt(6 nm) as capping layer (for oxidation protection). The sub-
strates were annealed at ≈ 100 ◦C for an hour and cooled down close to room temperature
before each deposition. The layer thickness was determined by calibrations performed
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using X-ray reflectivity on samples containing single layers of each individual element.
Since the single SK layer sample is very sensitive to the Fe and Co thicknesses, the re-
producibility was verified periodically by re-growing such a sample and performing MFM
measurements under the same conditions.
Magnetometry Measurements The bulk magnetic properties of the samples were de-
termined by vibrating sample magnetometry (VSM) using a 7 T Quantum Design system.
The measurements were performed at 300 K for both in-plane and out-of-plane geometries
and in fields of up to 4 T. All samples were measured using the same VSM holder and each
measurement was repeated several times. In addition, the background signal coming from
the VSM holder and bare substrate was periodically checked to ensure a clean magnetic
signal coming from the ferro- and/or ferrimagnetic layers only.
Micromagnetic Simulations The micromagnetic computations were carried out by means
of a state-of-the-art micromagnetic solver, PETASPIN 27 and magnum.af 28, both based on
the finite difference scheme and which numerically integrate the Landau-Lifshitz-Gilbert
(LLG) equation by applying the Adams-Bashforth time solver scheme:
dm
dτ
= −(m× heff) + αG
(
m× dm
dτ
)
, (1)
where αG is the Gilbert damping, m = M/Ms is the normalized magnetization, and
τ = γ0Mst is the dimensionless time, with γ0 being the gyromagnetic ratio, and Ms the
15
saturation magnetization. heff is the normalized effective field in units of Ms, which in-
cludes the exchange, interfacial DMI, magnetostatic, anisotropy and external fields 17, 29.
The DMI is implemented as
InterDMI = D [mz∇ ·m− (m · ∇)mz] (2)
The [Ir(1 nm)/Fe(0.3 nm)/Co(0.6 nm)/Pt(1 nm)]5 SK layers are simulated by 5 rep-
etitions of a 1 nm thick CoFe ferromagnet separated by a 2 nm thick Ir/Pt non-magnetic
layer. Each ferromagnetic layer is coupled to the other ones by means of the magneto-
static field only (exchange decoupled); for simplicity, we neglect any Ruderman-Kittel-
Kasuya-Yosida (RKKY) interactions. For the SK layer, we used the following physical
parameters: saturation magnetization Ms = 1371 ± 41 kA/m, and uniaxial perpendicular
anisotropy constant Ku = 1316 ± 92 kJ/m3 (both obtained by our VSM measurements),
exchange constant A = 15 pJ/m, and interfacial DMI constant D = −2.5 mJ/m2 from 15.
The ferrimagnetic [(TbGd)(0.2 nm)/Co(0.4 nm)]6/(TbGd)(0.2 nm)-multilayer s simulated
by a 4 nm magnetic layer. Its saturation magnetization Ms,Fi = 488 ± 34 kA/m, equal
to the net magnetization of the experimental ferrimagnet, and its uniaxial perpendicular
anisotropy constant Ku,Fi = 486± 44 kJ/m3 were again measured by VSM. The exchange
constant AFi = 4 pJ/m was used in agreement with our prior work for rare-earth-transition
metal alloy layers 30. We use a discretization cell size of 3× 3× 1 nm3. The top ferromag-
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netic layer (B5) of the bottom SK layer is coupled to the first 1 nm of the ferrimagnetic
layer via an RKKY-like interlayer exchange coupling 31. We set a positive value of the
constant (ferromagnetic coupling) equal to 0.8 mJ/m2 from 32. In all the simulations, an
out-of-plane external field Hext = 130 mT is applied antiparallel to the skyrmion core.
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Supplementary note 1. Magnetometry measurements and material parameters
used in the micromagnetic simulations
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Figure S1: In-plane (IP, black) and out-of-plane (OOP, red) M-H loops acquired at 300 K on a the
single ferromagnetic SK layer, b the Fi layer, and c the trilayer samples with corresponding layer
schematics.
The magnetometry measurements for the single SK layer, the Fi layer, and trilayer
samples are presented in Fig. S1a-c. Note that all measurements were performed with a
magnetic field range of ± 4 T, well above the saturation field of all samples. However, for
clarity purposes, we show the zoomed-in data. The backgrounds coming from the in-plane
and out-of-plane holders (together with a Si substrate) were measured independently and
then subtracted from all loops. The magnetization values were calculated by considering
only the ferromagnetic layers: for the SK layer sample the total thickness tFe + tCo =
4.5 nm was considered, and for the trilayer sample the additional tFe+tCo = 4.5 nm and the
Fi layer thickness of 3.8 nm were taken into account. From these measurements, the ani-
S-2
sotropy field Ha, saturation magnetization Ms, and the uniaxial perpendicular anisotropy
constant Ku for the single SK and Fi layers were extracted and served as part of the input
for the micromagnetic simulations.
S-3
layer SK Fi
Ms [kA/m] 1371∗ 488
Ku [kJ/m3 ] 1316∗ 486
Aex [pJ/m] 15 4
D [mJ/m2 ] -2.5 +0.8
RKKYPt pJ/m 4
TableS1: Material parameters of the SK ([Ir(1)/Fe(0.3)/Co(0.6)/Pt(1)]×5) and Fi
([(TbGd)(0.2)/Co(0.4)]×6/(TbGd)(0.2)) layers used in the micromagnetic simulations.
∗Note that for the calculation of the magnetization Ms and the anistropy Ku of the SK
layer all magnetic moments are attributed to the Fe(0.3)/Co(0.6)-layers.
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Supplementary note 2: Skyrmion stray field calculations
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Figure S2: Z-component of the stray field generated by the incomplete a and tubular b skyrmion.
c and d MFM ∆f -images of an incomplete and a tubular skyrmion, respectively. These particu-
lar skyrmions show about the same average contrast of the weak (0.58 Hz) and strong (1.05 Hz)
contrast skyrmions visible in Fig. 2j of the main manuscript.
Figure S2 depicts the z-component of the stray field generated by each of the two
stable skyrmion states, where the weak skyrmion refers to state 1 in Fig. 3b and the strong
skyrmion refers to state 2 in Fig. 3e of the main manuscript. The field is obtained from
micromagnetic simulations and evaluated at a distance of 21 nm above the top-most fer-
romagnetic layer, in accordance with the 6 nm-thick capping Pt layer and the tip-sample
S-5
distance of about 15 nm used all MFM measurements shown in this study. As seen from
Fig. S2a, the Hz field varies between -22.7 mT and 70.9 mT; from Fig. S2b we obtain a
range between -93.3 mT and 71.4 mT. The 1.76 times larger field difference for the case of
the tubular skyrmion agrees well with the 1.81 times higher MFM contrast obtained when
comparing the strong skyrmions to the weak ones.
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Supplementary note 3:
Skyrmion diameter and chirality as a function of layer position and DFi
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Figure S3: a Skyrmion diameter as a function of the layer position for the incomplete skyrmion
and tubular skyrmion. The DMI of the SK layers isD = −2.5 mJ/m2, while that of the interlayer is
DFi = 0.8 mJ/m2. b Skyrmion diameter as a function of layer position and DFi = 0.4 mJ/m2 (red,
up, open triangles and lines), 0.8 mJ/m2 (circles), 1.2 mJ/m2 (pentagons), −0.8 mJ/m2 (diamonds),
and −1.2 mJ/m2 (right triangles).
The skyrmion diameter as a function of layer position and for different values of
DFi are presented in Fig. S3. More specifically, Fig. S3a shows the results linked to
S-7
Fig. 3 of the main text, i.e. DFi = 0.8mJ/m2 for an incomplete (open red circles) and
a tubular skyrmion (filled black circles). The skyrmion diameters obtained for DFi =
0.4, 0.8, 1.2,−0.8, and −1.2mJ/m2 are displayed in Fig. S3b, where a skyrmion imposed
in all the layers has been used as initial state. For DFi = 0.4mJ/m2 (open red up-triangles)
an incomplete skyrmion is the final state even if a skyrmion spin texture is initially placed
in the Fi layer. A negative DMI in the interlayer (the same sign as that of the SK lay-
ers) leads to larger skyrmion radii (compare circles to diamonds and pentagons to right-
triangles for DFi = ±0.8 and ±1.2mJ/m2, respectively).
Figure S4 summarizes the spatial distribution of the skyrmion magnetization (equi-
librium states) corresponding to the DFi values reported in Fig. S3b. The system is relaxed
from an initial configuration where skyrmions with clockwise chirality are placed in all the
layers (see Fig. 3d in the main text). The final equilibrium state is the result of a trade-
off among negative DMI of the SK layers, different values and signs of the DMI of the
Fi layer, magnetostatic interactions, and IEC between layer B5 and the first layer of the
ferrimagnet.
Fig. S4a shows the final state for DFi = −1.2mJ/m2. The tubular skyrmion has
a large diameter and a clockwise chirality (Ne´el inward) in layers B2 to B5 and in all
sublayers of the top SK layer, as determined by the negative DMI. The counter-clockwise
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Figure S4: a Spatial distribution of the skyrmion magnetization as a function of the sublayer
position when a DFi = −1.2 mJ/m2, b DFi = −0.8 mJ/m2, c DFi = 0.4 mJ/m2, and d DFi =
1.2 mJ/m2.
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chirality (Ne´el outward) of the bottom-most layer B1 permits the closure of the magnetic
flux driven by the minimization of magnetostatic energy.
In Fig. S4b, DFi is decreased to −0.8mJ/m2, and the effect is only a size reduction
of the tubular skyrmion, as also shown in Fig. S3b (compare right-triangles to diamonds).
When −0.7mJ/m2 < DFi < 0.7mJ/m2, the tubular skyrmion is no longer stable and it is
replaced by the incomplete skyrmion with a much smaller diameter. Fig. S4c depicts an
example for DFi = 0.4mJ/m2. Note that the chirality now is clockwise in all sublayers of
the bottom SK layer. We attribute this to the suppression of the skyrmions in the Fi and in
the B5 layers that lowers the in-plane component of the magnetostatic field, thus making
the negative DMI the dominant field contribution.
The magnetization of the Fi layer is uniform due to the fact that its DMI is too low
to sustain a skyrmion and, consequently, the magnetization of layer B5 is almost uniform
as well (because of the ferromagnetic IEC considered between B5 and the first layer of the
ferrimagnet). Indeed, the magnetization of layer B5 has a slight outwards canting at the lo-
cation highlighted by the white dashed circle in Fig. S4c. Such an outwards canting of the
magnetization vectors is reminiscent of a skyrmion spin texture with a counter-clockwise
chirality (Ne´el outward) that would occur because of the magnetostatic field from the other
layers. In Fig. S4dDFi is increased to 1.2 mJ/m2, resulting in a tubular skyrmion being sta-
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ble again. However, because of the opposite signs of the DMI in the Fi and SK layers, a
complex dependence of the chirality and type of spin-texture on the vertical position inside
the sample occurs, as observed for the tubular skyrmion at DFi = 0.8mJ/m2 described in
the main text. In layer B1, a skyrmion with a counter-clockwise chirality is obtained be-
cause of the minimization of the magnetostatic field. Layers B2-B4 host a skyrmion with
clockwise chirality due to the negative DMI of the SK layer. The Bloch skyrmion in the
B5-layer compromises between clockwise and counter-clockwise chiralities, which would
derive from the negative DMI of the SK layer and from the ferromagnetic IEC with the
first layer of the ferrimagnet, respectively. The skyrmion in the Fi layer is intermediate
between a Bloch and a Ne´el with counter-clockwise chiralities. However, the skyrmion
here has a chirality closer to the Ne´el outward due to the larger DFi with the respect to
the case shown in the main text. The skyrmions in the top SK layer maintain a clockwise
chirality as favored by the negative DMI. Our micromagnetic calculations as a function of
DFi suggest that the ferrimagnetic layer should have a sufficiently large DMI in order to
allow the coexistence of the two skyrmion phases, otherwise the tubular skyrmion would
not be stable.
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Supplementary note 4: Results for the coexistence of the two skyrmion phases
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Figure S5: a Spatial distribution of the magnetization showing the coexistence of the tubular and
incomplete skyrmions. The DMI of the SK layer isD = −2.5 mJ/m2, while that for the interlayer is
DFi = 0.8 mJ/m2. The colors are related to the z-component of the normalized magnetization (blue
negative, red positive). b MFM subimage cut from Fig. 1e rotated to resemble the configuration of
tubular and incomplete skyrmions of a.
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